The length of the inspection path and the number of probe orientations are two basic path planning goals. For the number of probe orientations, minimizing the number of probe orientations will cause the probe to swing too large when measuring some local measurement points. The larger the probe angle will make the fluctuation of the measurement error larger, affecting the subsequent error compensation, thereby increasing the error of the measurement. For this problem, this paper proposes an orientation weight algorithm for five-axis coordinate measuring machine to inspect path planning. The orientation weight algorithm projects all the candidate probe orientations of the measurement point onto the orientation weight map, and then selects a weight distribution to set the angle of the different probes to the vertical normal vector with the smallest measurement error. A weight that classifies the measuring points into groups by the selected orientation. The path of each point is planned using the Traveling Salesman Problem (TSP) algorithm, and then the total path is obtained by concatenating different groups. Finally, the effectiveness and characteristics of the algorithm are verified by simulation experiments. The orientation weight algorithm introduces the weight of the error influence in the case of ensuring that the number of times the probe changes orientation is small. It not only ensures the efficiency of measurement, but also the accuracy of measurement.
Introduction
The dimensional inspection of workpieces plays a vital role in manufacturing processes that require high precision and complex structures, such as the manufacture of aerospace parts [1] . Among the many measurement sensors, touch trigger probes are widely used in CMM and OMI systems due to their low cost and high precision. The planning of the measuring points and inspection paths should be carried out before the inspection is performed [2] . The planned inspection path allows the probe to detect all measurement points in once without collision. In general, when planning the inspectional path, two factors must be considered, the length of the path and the number of probe orientations during the entire inspection process. Shorter inspection paths mean higher efficiency. While reducing the number of probe orientations can not only shorten the detection time, but also avoid introducing inspection errors. On the one hand, frequent changes in probe orientations will cause the temperature of the probe to rise, resulting in thermal errors. On the other hand, on the other hand, probe calibration should be conducted for each inspection orientation before the inspection execution, too many probe orientations will increase the workload of calibration and compensation. Therefore, when planning the inspection path, the length of the inspection path and the orientations of the probe should be considered comprehensively.
Due to the similarity between the path planning problem and the travelling salesman problem (TSP), many researchers used TSP algorithms to plan the inspection path. TSP is known to be a NP-hard problem and has been intensively studied, many algorithms including ant colony algorithm (ACO) [3] , genetic algorithm [4] and Lin-Kernighan algorithm (LKH) [5] , etc. have been proposed, which provides effective tools for solving the inspection path planning problem. Li et al. [1] developed a path planning method for aerospace structures based on adjacent graph, LKH algorithms were used to minimize the length of the inspection path. Stojadinovic et al. [6] applied ACO algorithms to optimize inspection path for prismatic parts, and the path length was 10% shorter than that obtained by commercial software Pro/ENGINEER. Han et al. [7] proposed an improved 3D ACO algorithm that can obtain the shortest inspection path rapidly. Lee et al. [8] [9] used the TSP algorithm based on simulated anneal method to optimize inspection sequence. Similar researches that applied TSP algorithms can be found in [10] [11] . In addition, other algorithms and models for path planning problem have also been proposed.
Researches reviewed above all focus on minimizing of inspection path length. However, there are few researches take account of optimization of number of probe orientations. Gu and Chan [12] optimized the selection of probe orientations by evaluating priority of probe candidates. Probes with the highest priority were selected. However, the probe candidates were only limited to six vertical orientations, which was not suitable for parts with complicated structures such as slops and concaves. Therefore, developing an orientation optimization algorithm for complicated parts is necessary, which is one of goals that this paper aims to achieve. This paper proposes an orientation weight algorithm that considers both the length of the inspection path and the number of probe orientations. And in the case of ensuring a small number of probe orientations, the measurement accuracy is improved. For the length of the inspection path, the shortest detection path for each group can be obtained by applying the TSP algorithm. For the number of probe orientations, minimizing the number of probe orientations will cause the probe to swing too large when measuring some local measurement points.And then increasing the error of the measurement.But the orientation weight algorithm introduces the weight of the orientation, which greatly avoids the situation that the swing angle is too large. First select different weight distribution functions, and then classify the points into groups according to the weight of the orientation. That is, each set of measuring points is measured with the corresponding probe orientation. The inspection path of each set of measuring points can be obtained by applying the TSP algorithm. Finally, the total point inspection path can be obtained by connecting the inspection paths of all groups in series.
Accessibility Criteria
In the process of detecting the measuring point, the probe needs a condition to judge whether the measuring head can measure the measuring point. As shown in Fig. 1 , for the measuring point P, the standard sphere whose center is the point P is divided into two hemispheres by a tangent plane perpendicular to the point normal direction n. It's not difficult to understand that any orientations (e.g. orientation l1 in Fig.1 ) locate on the upper semi-sphere can reach the point P. We call it the accessibility criteria. 
Relationship Between Detection Accuracy and Probe Swing Angle
The standard ball is calibrated using a dual-swing five-axis machine tool with a Renishaw RMP60 probe (shown in Fig. 2 ). First, in the case where the main shaft does not swing, 217 points of the standard ball are calibrated, and the standard ball center is fitted based on the least squares method, and the center of the ball is taken as the ideal center position. In the second step, the probe swing angle is set to θ, and 217 points on the standard sphere are calibrated. The measuring points are evenly distributed on the upper hemisphere where the rod direction is the normal vector, and the measuring points include poles, every 15° line, 36 points per line. By calculating the distance between the detection data in different orientations and the ideal spherical center position, the measuring error value of the measuring orientations in the swing angle state is solved. Fig. 3 shows the measuring error values of different inspection orientations in the three states of the θ swing angle of 0°, 30°, and 60°. As the swing angle increases, the average and standard deviation of the detection error show an upward trend. The average value of the detection error was increased from 0.218056 mm at θ = 0° to 1.381144 mm at θ = 60°. The standard deviation of the measuring error is increased from 0.055 mm at θ = 0° to 0.806 mm at θ = 60°. The increase in measuring error is mainly due to the influence of the machine tool rotation axis error and gravity on the probe pretravel error. However, the comprehensive measuring error calibration and compensation research for the five-axis on machine inspection system is not perfect. Therefore, the swing angle with small measuring error can be selected for high measuring accuracy. It can be seen from the foregoing that when the probe detects the measuring point, it is ideal to keep the trigger probe vertically downward (when the swing angle is zero), and the measuring error is minimum at this time. However, the orientation of a single vertical probe does not meet the accessibility criteria of all measuring points, so we need to introduce weights when selecting the orientation of the probe. ( shown in Fig. 4 and Eq. 1)
Orientation Weight Map
An inspection orientation can be defined by its polar angle θ([0, π]) and azimuth angle φ([0, 2π])in the spherical coordinate, so the orientation candidates can be obtained by equally dividing latitude and longitude in the workpiece frame. As shown in Fig. 5 (a), the probe normal vector P is projected onto the Gaussian spherical surface, and the angle between the normal vector P and the Z axis is the polar angle θ, and the angle between the projection of the normal vector P and the x-axis is the azimuth angle φ. The relationship between the normal vector coordinates and the angle is shown in Eq. 2. As shown in Fig. 5 (b)(c)(d), the smaller dividing angle is, the more orientations will be generated. For example, for dividing angle 30°, 20°, and 10°, the number of orientations is 62, 146, and 614 respectively. 
In order to find multiple orientations in which all points can be measured, a relationship pattern between the candidate probe orientation and the measurement point should be established. As shown in Fig. 6 , it is an orientation weight map. The horizontal coordinate direction in the figure is from left to right, indicating the azimuth angle φ, and the unit grid indicates the division angle 10°, φ∈ [0, 2π], vertical The coordinate direction is from top to bottom, indicating the polar angle θ∈ [0, π]. The orientation weight map represents all candidate probe orientations corresponding to one measurement point, and one grid represents one orientation (θ, φ). The color of the grid represents the weight, and the color of the entire image changes from dark blue to bright yellow. The brighter the yellow, the larger the weight, and the smaller the angle between the orientation and the vertical normal vector (0, 0, 1). The darker the blue, the smaller the weight, and the larger the angle between the orientation and the vertical normal vector (0,0,1). The orientation weight map of the measuring point can intuitively express the orientation of all the candidate probes for a certain measuring point, including the reachability of the probe and the angle of the probe. Introducing the concept of weights, it is possible to quantitatively analyze the angle of each probe orientation, which is beneficial to the selection of the probe orientation.
Orientation Weight Algorithm
The orientation weight map of the measurement points is obtained in Section 4. We can use the TSP algorithm to plan the inspection path. This paper proposes a orientation weight algorithm, which is designed to use different mathematical distribution functions to introduce weights to different candidate probe orientations of the measuring points, quantitatively analyze the detection of each probe orientation, and finally find out that it can measure the orientation of the probe at all points.
Weight Distribution Function
In order to quantify the weight of the probe orientation, a reasonable set of probe weight distribution is required. For the choice of the distribution of the weight of the probe, this paper mainly considers the following three weight distribution functions.
Z-axis projection (cosθ).
It can be seen from Chapter 3 that the probe swing angle is 0°, the average value of the measuring error and the standard deviation are the smallest. In this paper, the weight of the vertical normal vector ⃗⃗⃗⃗ (0,0,1) is P z . After the weight is normalized, the value of P z is 1. The projection of the other probe direction to the vertical direction is its weight value P(θ, φ), so there are:
(3) The Error Swing Angle Formula according to Experimental Data. In Chapter 3, five sets of error experimental data at 0°, 15°, 30°, 45°, and 60° swing angles were obtained. In order to get the relationship between the error and the probe swing angle, this paper first finds the error mean of the five sets of swing angles, takes the error value of each probe's swing angle to the inverse, and then normalizes, as shown in Table 1 . These points are fitted and the resulting formula is fitted as a weight formula. As shown in Fig. 7 , the horizontal axis is the probe swing angle and the vertical axis is the weight. The five sets of data obtained from the experiment are plotted on the coordinates to obtain five discrete points. Finally, the five points are fitted to obtain an exponential equation: w(θ) = e −0.034θ (4) The coefficient of determination R 2 =0.9657, indicating that the error weight is 96.57% determined by the probe swing angle.
Standard Gaussian Distribution. Using the standard Gaussian distribution, the Eq. 5 is as follows: 
Algorithm Flow
This paper designs an orientation search algorithm based on the orientation weight map, as shown in Algorithm 1: Taking the measuring point P (172, -103.868, 13.4468, 0, -0.5, 0.866025) as an example, the first three numbers (172, -103.868, 13.4468) are the Cartesian coordinates (x, y, z) of the position of the measuring point. The last three numbers (0, -0.5, 0.866025) are the normal vectors (i, j, k) of the measurement points. Use Matlab to draw the measuring point of the measuring point to reach the angle range, as shown in Fig. 9 .
By calculation, the polar angle θ of the measuring point P is 30°, and the azimuth angle φ is 270°. The position of the point P in the figure is (27, 4) . In the figure, the green area is the critical area, and the yellow area is the angle range reachable by the probe.
As shown in Fig. 10(a) , for the angular range region reachable by the probe, the upper angle represents the smaller angle between the orientation with the vertical angle normal vector (0, 0, 1), the greater the weight. When the probe normal is vertical, the angle weight is 1. When the angle is 10°, the angle weight is 0.9848. In this paper, only the orientation of the probe with the angle weight range in [0,1] is taken. For the light blue part of the figure, although the probe is reachable, its weight is (-0.3,0), which does not satisfy the scope of [0,1]. After processing, the following Fig.  10(b) is obtained.
In this way, the orientation weight map of the measuring point P is obtained. Then, the orientation weight maps of all the measuring points on the workpiece are superimposed to obtain a total superimposed weight map. Each time the weight of the highest orientation grid is taken, and the measurable point in that orientation is defined as a set of points. The probe orientation can detect all the points of this set of points. Then, the remaining unmeasurable points in the orientation are superimposed until all the points are taken. Finally, a set of probe orientations is obtained. As shown in Fig. 11 . Figure 12 shows the superimposed weight map in seven orientations.The seven probe orientations are found by adding each weight. (10°, 10°), (50°, 150°), (50°, 330°), (60°, 90°), (60°, 270°), (60°, 180°), (60°, 360°). The number of measurable measuring points is 74, 23, 21, 11, 11, 4, 4. However, these probe orientations are only obtained without considering interference. The situation is more complicated if the conditions of interference are considered. The next chapter will discuss interference.
Simulation and Discussion
In this section, a test part with pre-planned inspection points are used to test the proposed path planning methods. The part is shown in Fig. 12 , which consists of slopes and inclined holes. The angles between the holes' centre lines and the bottom plane are 45°, 60°, and 75°. While the angles between the slopes and the bottom plane are 30°, 45°, and 60°. The planned inspection points for the part are shown in Fig. 13 , which locate on the slopes and holes, and the total number is 148. Each hole and each plane of the slopes all samples four points. Figure 11 . The total superimposed weight map in seven orientations. (cosθ) . Fig. 14 below shows the inspection path obtained by the orientation weight algorithm using cosθ distribution. The measuring points are divided into 17 groups according to 17 separate detection orientations. The number of measuring point groups in each probe orientation is 60, 12, 12, 12, 12, 5, 5, 5, 3, 4, 4, 4, 4, 2, 2, 1, and 1, respectively. Specifically, the orientation 1 is substantially perpendicular to the ground and can measure 60 points which locate on the up surfaces of the slops or some inclined holes, while the orientations 2, 3, 4, 5 and 10, 11, 12, 13 can measure points on the down surfaces of the slops and holes. The remaining points on the inclined holes can be measured in the remaining orientations. The orientation weight algorithm successfully selects 17 orientations and can measure all of the 614 orientation candidates. And the total inspection path length is optimized by the TSP algorithm, and the total path length is 10033.44 mm. It takes a total of 199 seconds. Exponential Distribution. Using the standard normal distribution of the orientation weight algorithm, 17 orientations were successfully selected. The number of measuring point groups in each probe orientation is 60, 5, 5, 12, 12, 12, 12, 4, 3, 2, 2, 2, 4, 4, 4, 4, 1. The total path length is 9888.85mm. It takes a total of 202 seconds.
Z-axis Projection
Standard Gaussian distribution. Using the standard normal distribution of the orientation weight algorithm, 17 orientations were successfully selected, and all 148 measuring points of the workpiece can be measured with the total path length of 10033.44 mm. It takes a total of 214 seconds. Table 2 shows the simulation results for the directional weight algorithm for different weight functions. The shortest path algorithm is the case where the weight function w(θ)=1, in which case the weights of the respective candidate probe orientations are the same. It can be seen that the shortest path algorithm can effectively select the minimum probe orientation to measure all the measuring points, because the algorithm directly takes out the orientation in which the most measurement points can be measured. At the same time, the computational time-consuming and total inspection path length of the shortest path algorithm is also the least, 168 seconds and 9774.04 mm, respectively. However, as known from the foregoing, minimizing the number of probe orientations causes the probe to have a large swing angle when measuring some local measurement points. Therefore, in the part with the accuracy requirement is not very high, but the total inspection time is required, the shortest path algorithm is the best choice. When the accuracy requirement is high and the total inspection time is not sensitive, it is necessary to introduce weights to the candidate probe orientations. The number of orientation groups of the three distributions of cosθ distribution, exponential distribution and standard normal distribution are all 17 groups. Among them, the standard normal distribution and the cosθ distribution have the same total inspection path, but the calculation time of the standard normal distribution is 214 seconds, and the distribution with cosθ is 199 seconds. When the exponential distribution calculation takes only 3 seconds more than the cosθ distribution, the inspection path of 9888.85 mm has a total length of less than 10033.44 mm. Therefore, it is desirable to choose the exponential distribution as the weight function of the orientation weight algorithm. In some cases where the detection accuracy is sought, the trigger probe can only deflect a certain range of swing angles. At this time, different swing angle ranges are simulated. Table 3 shows the analysis of three weight distribution functions for different probe head angle ranges. The selected swing angle ranges are [0°, 60°], [0°, 70°], [0°, 80°. ], [0°, 90°]. It can be seen that as the range of the probe's swing angle becomes larger, the calculation takes time and increases, but the number of orientation groups and the total length of the path remain unchanged. Increasing the number of candidate probe orientations can expand the search space, which increases the computational time.When the range of the swing angle is [0°, 60°], the Cosθ distribution and the candidate probe orientation of the standard normal distribution cannot measure all the points. The exponential distribution can be used for path planning, indicating that the candidate probe orientation of the exponential distribution is less than 60°. For the test part, the exponential distribution will achieve better overall accuracy. 
Conclusion
This paper proposed a orientation weight algorithm for five-axis path planning. The orientation weight algorithm projects all candidate probe orientations onto the orientation weight map, and then selects three different weight distribution functions for different measurements.The different probe swing angle size is set to a weight, and the measuring points are sorted into groups by the selected orientations by the weight. The path of each point is planned using the Traveling Salesman Problem (TSP) algorithm, and then the total path is obtained by concatenating different groups. The weight distribution functions used in this paper are cosθ distribution, exponential distribution and standard normal distribution. All three weight distribution functions can introduce the weight of the error influence and improve the measurement accuracy while ensuring that the number of times the probe changes orientation is small. Therefore, the orientation weight algorithm not only ensures the efficiency of measurement, but also considers the accuracy of measurement. Simulation experiment shows that the three weight distribution functions of the algorithm can obtain the collision-free inspection path. Among them, the exponential distribution can obtain a shorter inspection path length in the case of less computational time. In some applications where accuracy is sought, or due to the feature of the touch probe, the range of the probe swing angle is limited. As the range of the probe swing angle becomes larger, increasing the number of candidate probe orientations can expand the search space, thereby increasing the computational time. When the swing angle is in the range [0°, 60°], the Cosθ distribution and the candidate probe orientation of the standard normal distribution cannot measure all the measurement points. The exponential distribution can be used for path planning, indicating that the candidate probe orientation of the exponential distribution is less than 60°. For this test part, the exponential distribution will achieve better overall accuracy. Considering the number of probe orientations obtained, the calculation time, the total length of the path plan and the range of the probe angle, the exponential distribution is the recommended weight function distribution.
